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In preparation for the present study, arc spectrography 3 was used to demonstrate the presence of trace amounts of chromium in human tissues, including the blood. Tissue analyses were performed on samples of normal human blood by means of a colorimetric method (2) with the finding of mean values of 20 y % for packed red cells and 14 y % for plasma.
The present report is concerned with a new biological tracer, radioactive chromium (Cr51), which is bound by the red cells and plasma proteins. Both anionic hexavalent (Na2Cr51O4) and cationic trivalent (Cr51Cl3) states of the element have been studied.
Cr51 is a soft X-ray emitter with a half-life of 26.5 days. It disintegrates by K capture with transmutation to vanadium and emission of Xrays of 4.92 Kev plus a few per cent of 0.237 Mev gamma rays (3) .
To prepare Cr51 from Cr50 in the pile with sufficiently high specific activity,'4 it was necessary to enrich ordinary chromic oxide (Cr2,O) electromagnetically. Naturally occurring chromium contains 4.49 %o Cr50; the enriched chromium, 41.2%o.
This enriched mixture was then irradiated in the Oak Ridge pile for two months, at the end of which ' This work was supported in part by the United States Atomic Energy Commission, the Office of Naval Research, and the National Cancer Institute, U. S. Public Health Service.
2This work was done in part during the tenure of a U. S. Public Health Service Postdoctorate Research Fellowship. 3 Courtesy of Harold C. Harrison. 4The chromium 50 and 51 used in this investigation was supplied by the Isotopes Division, U. S. Atomic Energy Commission. time 100 y of chromium contained 13 to 23 microcuries.
METHODS
Preparation of Na2Cr5104 (anionic hexavalent Cr51)
The chromium obtained from Oak Ridge was the dark green oxide (Cr2O3). The oxide was triturated in a platinum crucible with a 1: 5 mixture of NaNO, and Na2CQ3 and fused several times by heating to redness with two Bunsen burners. After approximately two hours of fusion, the resulting yellow melt was dissolved in distilled water and filtered. The yellow alkaline Na2Cr10O solution was adjusted to pH 7.4 by the dropwise addition of concentrated HCI.
Preparation of Cr51Cl3 (cationic trivalent Cr511) Na2Cr'0, solution was acidified with excess concentrated HCI and reduced with formaldehyde by boiling to fumes in a beaker on a hot plate. Distilled water was added to the dry salt and the resulting green solution of Cr'Cl, was filtered and then adjusted to pH 4 by the addition of NaOH.
Measurement of radioactivity
An X-ray end window Geiger-Muller counter 5 in an oven at 600 C. This temperature was not exceeded, since chromium may sublime at 830 C. Constant weight was achieved by this procedure. The dried caked red cell mass was ground to a fine powder with a pestle in a folded filter paper and counted in a weighed planchet.
One cc. of packed red blood cells, centrifuged to constant volume and measured in a calibrated pipette was found to weigh 0.35 gm. when dried to constant weight in an oven at 600 C. The counts per cc. of packed red cells was computed from the counts contained in 0.35 gm. of dried ground red cells.
Plasma: One cc. of plasma was pipetted into a weighed planchet, dried overnight at 600 C, and counted.
I. UPTAKE OF RADIOACTIVE CHROMIUM BY THE RED BLOOD CELL
A. Anionic hexavalent chromium (Na2Cr5104)
The marked affinity of erythrocytes for chromate anion was demonstrated by the rapid uptake of radioactive chromium following the addition of Na2Cr51O4 to saline suspensions of washed red cells (Figure 1 ). Eighty-six y of chromium, as the chromate, was added to a series of 5 cc. aliquots of a saline suspension of washed erythrocytes with a hematocrit adjusted to 40. After mixing in a mechanical shaker for periods ranging from one minute to two hours at room temperature, the suspensions were rapidly centrifuged; the supernatant saline and the red cells, washed three times, were prepared and counted. In a series of such experiments, 80-90%o of the isotope was bound by the red cells within two hours (Figure 1) .
A similar experiment, carried on for 43 hours, demonstrated the prolonged retention of radio- Simultaneous uptake curves were determined with red cells in saline and whole blood from the same individual. The uptake by red cells in saline was appreciably greater than in whole blood ( Figure 2a) . The difference between the curves was attributed to binding of some of the chromium by the plasma proteins. of Cr5' in the red cells and plasma of a normal mongrel dog weighing 15.5 kilograms after the intravenous injection of 603 'y of chromium as Na2Cr5104 emitting 4,788,800 counts per minute (155 microcuries). The findings are typical of four such experiments. The radioactivity of the blood was predominantly within the red cells. The plasma activity declined rapidly, and after two days the plasma contained only a small fraction of the radioactivity of the erythrocytes. The red cells, however, retained their radioactivity for a prolonged period, declining gradually but not showing a single exponential decay. There was a fall of 76% of the erythrocyte activity from the second to the 52nd day, which is approximately twice the rate of decline that could be attributed to the death of the red cell assuming a life span of 120 days (4) and the tagging of a mixed population of cells.
In view of the marked retention of radioactivity by the red cells, erythrocytes were tagged in vitro and re-injected into the same dog to determine whether the radioactivity would remain in the red cells in the animal's circulation.
Tagged red cells were prepared by the addition of 7-26 microcuries of Na2Cr51O4 to red cells with mixing for one hour at room temperature. The cells were then centrifuged and washed three times with cold physiological saline solution and finally resuspended in plasma from the same dog. The plasma radioactivity was found to be less than 0.5%o of that of the red blood cells.
After the intravenous injection of this reconstituted whole blood cells, consecutive blood samples were taken from the dog to determine the counts in the red cells and plasma. Figure 4 illustrates graphically the red cell radioactivity in one of ten such experiments. In all cases, the plasma contained no significant counts above background.
The activity of the red cells during the course of the day of injection agreed within the limits of the method. In ten dogs studied, the consecutive red cell activities at various intervals during the first day were in satisfactory agreement (5) . A gradual decline of red cell activity was observed after the first day. The fall in 20 days was 53.6%o. This decline was again greater than that calculated from the life span of the red cell and apparently excludes the adaptation of the method to the direct measurement of red cell survival time.
Since the tagged red cells retained their radioactivity without significant loss to the plasma, a method for measuring the circulating red cell volume with Cr5' was devised, utilizing the quotient: total counts injected in tagged red cells counts per cc. packed red cells in sample'
The stability of the red cell tagging was sufficient for such experiments to be continued for a period of 24 hours (5, 6).
B. Cationic trivalent chromium (Cr5"C13)
The distribution of Cr5lCl8 in blood was found to differ considerably from that of Na2Cr5tO4.
When varying amounts of CrP5Cl3 from 8-y to 250 y were added to 5 cc. aliquots of whole blood in uitro, almost all of the radioactivity (94-99%o) AMONIC The inability of the erythrocyte to take up Cr51C13 could be explained by the relative impermeability of the red cell membrane to cationic chromium or the competitive binding by plasma proteins of this form of the isotope. To exclude the latter possibility, Cr5lCl8 was added to red cell suspensions in an isotonic acetate buffer at pH 5.5.6
After two hours of mixing at room temperature, the washed erythrocytes contained only 1.6-2.7%o of the counts added; approximately 98%o of the radioactivity was recovered in the supernatant buffer.
II. TAGGING OF PLASMA PROTEINS WITH RADIOACTIVE CHROMIUM
A. Cationic trivalent chromium (Cr5lC13) In vivo experiments in dogs indicated that when Cr1C13 was injected intravenously, essentially all of the counts in the blood were retained in the plasma with insignificant activity within the erythrocytes. The fact that the plasma remained radioactive for periods exceeding ten days suggested the investigation of the plasma protein binding of Cr50C13.
A satisfactory protein for study was crystalline bovine albumin (Armour) since at its isoelectric point of 4.9 the chromic cation was in the soluble form. Radioactive GrHCQ was added to a series of albumin solutions, each containing 5 micromoles (3.45 gm. %). The molecular ratios of chromium to albumin in the series were 0.6: 1, 1: 1, 5:1, 10:1, 100:1. After four hours of mixing in the cold (40 C), the albumin solutions were dialyzed against 2 liters of isotonic saline solution which was changed daily for three days.7 The 6 The acid acetate buffer was used instead of saline to prevent the precipitation of Cr(OH)3 which occurs at a higher pH, resulting from the buffering action of the erythrocytes. The pH was maintained at 5.5 for the duration of the experiment and the precipitation of Cr(OH). was avoided. This acid pH was shown not to prevent the usual erythrocyte uptake of anionic hexavalent chromium.
7A control dialysis of comparably dilute Cr'Cl, solutions revealed that the dialysis was not complete, even after three days with mixing and daily change of dialy- radioactivity per cc. of albumin solution was determined before and after dialysis ( Table I) . As increasing amounts of chromium were added, the per cent of radioactivity retained after dialysis decreased, although the absolute amount of chromium bound increased. No stoichiometric relationship was observed; the number of moles of chromium bound per mole of albumin depended upon the amount of chromium added. When 1 mole of chromium was added to 1 mole of albumin, approximately 70%o of the chromium was bound. The ability of the albumin to retain its radioactivity over a period of time was determined by prolonged dialysis over periods up to 17 days. There was little or no further decline in radioactivity following additional dialysis.
The addition of excess non-radioactive chromium to the fluid outside the dialyzing bag produced only a very small loss of radioactivity. Approximately 2%o of the counts were recovered in the outside fluid. This further illustrates the firmness of the chromium-protein bond, since the bound radioactive chromium did not exchange appreciably with the newly added non-radioactive chromium.
Visible changes indicating denaturation, such as discoloration and solidification, occurred after dialysis of 100 moles of chromium and 10 moles of chromium mixed with 1 mole of albumin. Solutions containing 5 moles or less of chromium with 1 mole of albumin revealed no change in appearance after several months' storage at 40 C.
Physicochemical analyses of chromium-tagged albumin did not disclose significant alterations from the native state of the protein. A sample of crystalline bovine albumin which had bound 0.5 sate. The errors to be anticipated because of this were of the order of 10%o or less. In contrast, Na2Cr'O, was dialyzed completely by this technique. 1609 mole of chromium per mole of albumin was analyzed in the ultracentrifuge and by electrophoresis. 8 In the ultracentrifuge, the tagged albumin was homogenous and showed no change from untreated albumin. The electrophoretic mobility was -7.6 x 10r5 cm2/volt/sec. Samples taken from portions of the electrophoretic cell from which the protein had migrated revealed no radioactivity, indicating that no chromium had been detached from the protein during electrophoresis. The ultracentrifugal and electrophoretic data for the tagged albumin did not differ from the native bovine albumin. One gm. of this Cr5l-tagged albumin emitted 925,000 counts per minute (29.9 microcuries).
In addition to albumin, other protein fractions including gamma globulin, beta metal combining protein, and beta lipoprotein were found to bind trivalent chromium. Chromium-tagged crystalline bovine albumin was mixed with an equal amount of untagged bovine gamma globulin, and the mixture was allowed to stand 22 days in the cold.
When the proteins were separated by electrophoresis, almost all of the radioactivity remained in the albumin with only 2.7%o in the gamma globulin fraction.
Binding of chromic ion to protein may involve initially a polar attraction by carboxyl groups. The firm attachment may be explained by coordinate covalent bonds of the type of Cr(NH.)6+++ between the chromium and terminal amino groups of lysine or other basic groups of the protein. This would be analogous to hypotheses of the linkage of chromium to collagen in leather tanning (7) . B. Anionic hexavalent chromium (Na2Cr5104)
The addition of the anionic hexavalent form of chromium (Na2Cr51O4) to proteins also resulted in tagging, but to a considerably less extent than was achieved with the cationic trivalent form (Cr51Cl3). When Na2Cr51O4 was added to crystalline bovine albumin and dialyzed, the binding was only 14%o of that attained by the addition of an equal amount of Cr5lCl3.
The diminished uptake of Na2Cr51O4 by the erythrocytes in whole blood as compared to red cell suspensions in saline (Figure 2a gested plasma protein binding. The possibility that hexavalent chromium may be reduced to the trivalent state in the process of protein binding will be discussed below.
III. MECHANISM OF RED CELL UPTAKE OF CHROMIUM
A. Effect of non-radioactive chromate upon red cell tagging The firm binding of Na2Cr5104 by red blood cells was investigated further by determining the effect of non-radioactive chromate upon the radioactivity of the tagged cells.
Radioactive Na2Cr51O4 (106 y of chromium) was mixed with a red cell suspension for two hours at room temperature and the counts per cc. of packed red blood cells were determined. An excess of non-radioactive chromate (200 y of chromium) was then added to a duplicate suspension, and the red cell activity was determined one hour later. There was no loss of radioactivity after the addition of non-radioactive chromate to the red cell suspension, indicating that anionic chromium, once bound by the erythrocyte, did not leave the cells and exchange with the outside medium for the duration of the experiment. The marked contrast between the firm erythrocyte binding of Cr51 and the rapidly reversible exchange observed with p82 (8, 9) suggests a different mechanism of tagging.
B. Kinetics of uptake of Na2Cr51O4 by red cells
The kinetics of the uptake of Na2Cr51O4 by red cells in saline ( Figure 1 ) were analyzed and suggested that sodium chromate diffused through the cell membrane and was then bound firmly. When the dotted line curve of Figure 1 representing counts remaining in the saline solution was plotted on semi-logarithmic paper, the points approximated a straight line (Figure 6 ). The relation may be expressed by:
where Cs = counts remaining in saline phase at time "t" CT = total counts in the system A = rate of binding of chromium by the red cells t = time in minutes.
RADIOCHROMIUM TAGGING OF RED CELLS AND PLASMA
Adherence to this standard equation for first order reactions indicated that under the conditions of the experiment, i.e., excess of red cells compared to chromium concentration, the rate of disappearance of chromium from the saline was proportional to the concentration of chromium remaining in the saline. The slope of the line was an index of the rate of binding of chromium by the red cells. The fall of activity of the saline to 10%o of the initial level in two hours suggested firm binding of chromium within the red cells. Two %o of the chromium remaining in the saline was bound per minute, as computed from Figure 6 . The half-time of the chromium binding was 38 minutes. These findings were typical of five such experiments performed under the same conditions.
C. Fractionation of red blood cells presiously tagged with Na2Cr51O4
To ascertain what component of the erythrocyte contained the radioactivity, red blood cells previously tagged with Na2Cr5104 were fractionated into stroma-free hemoglobin, globin HCl, hemin, and washed stroma 9 (10-12) and the radioactivity 9 Courtesy of Dr. R. B. Pennell. (Table II) . The activity of the hemoglobin (stroma-free) was 97%o of that of the red cells, indicating that hemoglobin was the important factor in red cell binding (Table II) When stroma-free hemoglobin was prepared from red cells previously tagged with Na2Cr5104 and then dialyzed against saline for three days, 68.5%5b of the radioactivity remained with the hemoglobin within the bag. The tagged hemoglobin, moreover, retained its activity after 24 hours of mixing with a combination of anionic and cationic exchange resins capable of removing all of the chromium present.'1 D. Uptake of radioactive chromium by red cell fractions The mechanism of erythrocyte uptake was investigated further by the addition of radioactive chromium to the stroma and hemoglobin fractions of red cells (Table III) . The quantitative relationships of radioactive chromium to intact red 10 cells described previously ( Figure 1 ) were essentially maintained in all the experiments with erythrocyte fractions. The stroma, washed free of hemoglobin, did not bind significant amounts of chromium (Table III) . The addition of 53 y of chromium as Na2Cr51O4 to the stroma content of 1 cc. of packed red cells (7 mg. of stroma) resulted in the uptake of only 2.9%o of the counts.
The binding capacity of the hemoglobin for the anionic and cationic forms of chromium was studied by determining the radioactivity of tagged hemoglobin solutions after dialysis.
Radioactive chromium (Na2Cr510O and Cr5lCl) was added to 7%o hemoglobin solutions in concentrations of 150y of chromium per gram of hemoglobin. The solutions were mixed at room temperature for two hours and then dialyzed in the cold for three days with daily changes of dialysate. The solution tagged with Cr51C13 was dialyzed against acetate buffer at pH 4.5 to prevent precipitation of Cr(OH)8, and the hemoglobin solutions containing Na2Cr5104 were dialyzed against the same buffer at pH 4.5 and against saline at pH 7.2.
Hemoglobin, in contrast to stroma, revealed a significant affinity for radioactive chromium (Table   III) . It is of considerable interest that the uptake was greater with Cr5lCl than with Na2Cr51O4, emphasizing again that the inability of Cr51C15 to tag the intact red cell is a reflection of the relative impermeability of the red blood cell to cations. COMMENT A marked affinity of the red cell for anionic hexavalent chromium (Na2Cr5104) has been demonstrated both in vitro and in uivo. The site of tagging appeared to be within the hemoglobin of the erythrocyte, in particular the globin fraction; only 2%o of the counts were recovered in the washed stroma. Although the intact red cell did not take up a significant amount of cationic trivalent chromium (Cr5lCl) in vivo or in vitro, the hemoglobin solution was capable of binding 57.8%o of the Cr51C18 added to it. The failure of Cr51C15 to tag the intact erythrocyte is attributed to the relative impermeability of the red cell membrane to cations.
Comparison of the binding capacity of hemoglobin for cationic trivalent and anionic hexavalent chromium, moreover, revealed a significantly greater uptake of cationic Crl5CI5. In view of the rapid and firm binding of anionic Na2Cr51O4 by the erythrocyte, it is suggested that anionic hexavalent chromium diffuses readily through the cell membrane and is bound by the hemoglobin, probably after reduction to the cationic trivalent state within the red cell.
In the foregoing experiments with red cell fractions, the hemoglobin was not necessarily free of other protein components of the red cell, including the enzymes. It was, however, considered unlikely that enzymes played a major role in the actual binding by the red cell. In the usual red cell uptake studies, 120-170y of chromium were added per gram of hemoglobin, resulting in an uptake of 0.13-0.23 mole of chromium per mole of hemoglobin. It was not believed likely that minute quantities of enzymes could bind this much chromium, but a possible enzymatic reduction of hexavalent to trivalent chromium within the erythrocyte was not excluded.
Further studies of the metabolism of chromium and its distribution in the body are in progress. 
